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Abstract
Impulsivity is a multi-faceted construct that, while characterized by a set of correlated dimensions, 
is centered around a core definition that involves acting suddenly in an unplanned manner without 
consideration for the consequences of such behavior. Several psychiatric disorders include 
impulsivity as a criterion, and thus it has been suggested that it may link a number of different 
behavioral disorders, including substance abuse. Native Americans experience some of the highest 
rates of substance abuse of all US ethnic groups. The described analyses used data from a low 
coverage whole genome sequence scan to conduct a genome-wide association study of an 
impulsivity phenotype in an American Indian community sample (n=658). Demographic and 
clinical information were obtained using a semi-structured interview. Impulsivity was assessed 
using a scale derived from the Maudsley personality inventory that combines both novelty-seeking 
and lack of planning items. The impulsivity score was tested for association with each variant 
adjusted for demographic variables, and corrected for ancestry and kinship, using EMMAX. 
Simulations were conducted to calculate empirical p-values. Genome-wide significant findings 
were observed for a variant 50 kb upstream from catenin cadherin-associated protein, alpha 2 
(CTNNA2), a neuronal specific catenin, in the REG gene cluster. A meta-analysis of genome-wide 
association studies had previously identified common variants in CTNNA2 as being associated 
with excitement seeking. A second locus upstream of NEIL3 on chromosome 4 also achieved 
genome-wide significance. The association between sequence variants in these regions suggests 
their potential roles in the genetic regulation of this phenotype in this population.
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 Introduction
Impulsivity is a multi-faceted construct that has been hypothesized to represent a core aspect 
of personality and psychopathology. Most commonly, impulsivity has been defined as a set 
of correlated dimensions that include a desire to engage in novel and/or thrill-seeking 
behavior, impulsive behavior associated with attempts to relieve negative emotion, as well as 
a heightened responsiveness to short-term rewards without consideration of long-term 
consequences (Whiteside & Lynam, 2001; Sharma et al., 2014). The latter aspect is of 
particular interest because it is most closely linked to the construct of disinhibition that has 
been posited as a core feature of the externalizing spectrum disorders that include alcohol 
and other substance use disorders, attention-deficit hyperactivity disorder (ADHD), conduct 
disorder, and antisocial personality disorder. As a further reflection of this, several 
psychiatric disorders defined in the Diagnostic and Statistical Manual of Psychiatric 
Disorder, 5th edition (DSM-5) (American Psychiatric Association, 2013) include impulsivity 
as a core feature, including the disorders mentioned above as well as borderline personality 
disorder (which shows relations with multiple aspects of impulsivity), pathological 
gambling, pyromania and kleptomania, paraphilias, and others. Thus, it has been suggested 
that specific facets of impulsivity may represent important endophenotypes for the molecular 
genetic study of these disorders (Kreek et al., 2005).
Twin studies have provided evidence to suggest that externalizing disorders may share a 
genetic vulnerability that includes impulsivity-related personality constructs, such as 
behavioral undercontrol and disinhibited personality (Krueger et al., 2002; Slutske, 2001; 
Young et al., 2000). Quantitative genetic studies have also demonstrated that about 30–50% 
of the variance in these impulsivity-related constructs is heritable (Bezdjian et al., 2011), yet 
the specific genetic variants that contribute to impulsivity-related traits remain largely 
unknown (Gizer et al., 2015). Candidate gene studies have identified a few variants that have 
been significantly associated with impulsivity, including variants located in or near genes 
related to dopaminergic and serotonergic function (Benko et al., 2010; Congdon et al., 
2008). In an American Indian community, impulsivity was also significantly associated with 
the cannabinoid receptor gene CNR1 (Ehlers et al., 2007). However, the findings reported in 
this and in the other described studies did not achieve significance when correcting for 
multiple comparisons at the genome-wide level. In addition, of the few genome-wide 
association studies (GWAS) of trait impulsivity which have been published, only one 
reported a genome-wide significant result. That study conducted a multi-site GWAS analysis 
of the impulsivity subfacet related to “excitement-seeking,” and reported that a single variant 
located in the catenin cadherin-associated protein, alpha 2 (CTNNA2) gene achieved 
genome-wide significance (Terracciano et al., 2011). This finding demonstrates the potential 
of molecular genetic studies to identify genetic variants related to impulsivity-related traits.
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In recent years, the development and refinement of next generation sequencing technologies 
has made their application to the study of complex traits more feasible, and importantly, this 
technology has the potential to further our understanding of the genetic architecture 
underlying these traits beyond what has been obtained from GWA studies using microarrays. 
For example, GWAS microarrays have been primarily designed to measure common genetic 
variants (i.e., minor allele frequencies [MAF] > 0.05), and thus, are not well-positioned to 
capture genetic variants with lower allele frequencies (Nelson et al., 2013). In contrast, 
sequencing technologies, which directly interrogate each variant, do not have this limitation. 
Further, GWAS microarrays have typically been designed to capture common variation in 
individuals of specific ancestral groups (e.g., European ancestry), and as a result, may yield 
reduced coverage when studying populations outside of these groups (e.g., American 
Indians).
The present report is part of a larger study exploring risk factors for substance dependence in 
a Native American Indian community sample (Ehlers et al., 2004a,b). The lifetime 
prevalence of substance dependence in this Indian population is high and evidence for 
heritability and linkage to specific chromosome locations and associations with candidate 
genes have been demonstrated (see Ehlers & Gizer, 2013). DNA obtained from this 
community sample has recently been sequenced using low coverage whole genome 
sequencing (LWGS) (see Bizon et al., 2014). Given the described evidence suggesting that 
facets of impulsivity may represent an important endophenotype for the study of a number 
of mental disorders, including alcohol and other substance use disorders, the aim of the 
present study was to conduct an association analysis of a specific impulsivity phenotype 
using the LWGS data.
 Materials and Methods
 Participants
American Indian participants were recruited from eight geographically contiguous 
reservations with a total population of about 3,000 individuals, Participants were recruited 
using a combination of a venue-based method for sampling hard-to-reach populations and a 
respondent-driven procedure which has been described elsewhere (Gilder et al., 2004). To be 
included in the study, participants had to report at least 1/16th Native American heritage, be 
between the ages of 18 and 85 years, and be mobile enough to be transported from his or her 
home to The Scripps Research Institute (TSRI). The protocol for the study was approved by 
the Institutional Review Board (IRB) of TSRI, and the Indian Health Council, a tribal review 
group overseeing health issues for the reservations where recruitment was undertaken. 
Written informed consent was obtained from each participant after the study was fully 
explained.
 Measures
Impulsivity, as defined in the present study, was assessed using a scale drawn from the 
Maudsley personality inventory (MPI; Eysenck, 1959) that was described by Eysenck and 
colleagues in subsequent studies (e.g., Eaves & Eysenck, 1975). Notably, the MPI was later 
revised as the Eysenck Personality Inventory (Eysenck & Eysenck, 1964) and Eysenck 
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Personality Questionnaire (Eysenck & Eysenck, 1975), which have been used widely as 
measures of personality. The following 7 items were positively keyed: Do you long for 
excitement? Are you usually carefree? Do you generally do and say things quickly without 
stopping to think? Would you do almost anything for a dare? Do you often do things on the 
spur of the moment? When people shout at you, do you shout back? Do you like doing 
things in which you have to act quickly? The following 2 items were negatively keyed: Do 
you stop and think things over before doing anything? Are you slow and unhurried in the 
way you move? The resulting score (0–9) was used in the genetic analyses.
The described items were initially taken from the Extraversion scale of the MPI, and are also 
contained within the Extraversion or Psychoticism dimensions in later versions of the 
questionnaire. As is evident, most of the items reflect a lack of planning, and thus are most 
closely related to the ‘lack of planning’ dimension of the widely used UPPS Impulsive 
Behavior Scale (Whiteside & Lynam, 2001). Nonetheless, some items also relate to 
excitement-seeking. As a result, the internal consistency of the scale is less than optimal 
(α=0.60; Eaves & Eysenck, 1975); however, as noted by the authors, investigations into the 
factor structure of this scale resulted in a highly correlated set of facets that did not provide a 
parsimonious solution. For this reason, the original scale was retained as the phenotype in 
the present study. Notably, this scale demonstrated a moderate correlation with the 
disinhibition dimension of the Zuckerman Sensation Seeking Scale (Zuckerman et al., 1978) 
in an independent sample (r = 0.311, p < 0.0001 providing an estimate of its relation to a 
commonly used measure of impulsivity.
 Whole Genome Sequencing
Low coverage whole genome sequencing on all samples was performed using an Illumina 
HiSeq 2000 (Illumina, San Diego, CA). Resulting paired end (2x100) reads were aligned to 
GRCh37 with BWA version 0.5.8c. Sequence depth varied from sample to sample, with 80% 
of the samples having coverage between 3X and 12X. Variants were called using Thunder, 
which uses linkage disequilibrium in a manner analogous to genotype imputation. One effect 
of using imputation in variant calling is that a full genotype matrix is produced, so that the 
missing rate per sample or per variant is always zero.
As fully described in (Bizon et al., 2014), genotypes were validated by comparing these 
results to approximately 200,000 genotypes measured using a first generation Axiom 
Affymetrix Exome Chip (Affymetrix, Inc, Santa Clara, CA). Genotypes between low 
coverage whole genome sequencing and the genotyping chip have a 97.5% concordance 
rate. For variants with a minor allele frequency above 0.01 in the sample, the sequencing 
identifies over 97% of the variant sites detected with the genotyping chip. At lower allele 
frequencies, the sequencing detects fewer variant sites; at the lowest frequencies in the 
sample, corresponding to a single minor allele detected by the genotyping chip, sequencing 
detects 41% of the variant sites.
After the sequencing and variant calling was complete, the resulting genotypes were used to 
confirm sample identification by estimating IBD sharing proportions, which were generated 
using PREST-Plus (Sun et al., 2002), and comparing those estimates to the predicted kinship 
coefficients based on the self-reported pedigree structures provided by the study participants. 
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Based on this process, 11 samples were excluded from the study because the observed 
genotype data could not be reconciled with the reported pedigree data, suggesting sample 
misidentification or contamination.
 Statistical Analyses
Single-variant association analysis was performed using EMMAX, as implemented in the 
EPACTS package (Kang, 2014). EMMAX uses a linear mixed-model approach to control 
for both population substructure and nesting of individuals within families. Prior to 
association analysis, pair-wise kinship coefficients are calculated using measured genotype 
data. Tests of association are then conducted for each variant conditional on the calculated 
kinship matrix with the measured genotype and relevant covariates modeled as fixed effects 
and phenotype as the dependent variable. For the present report, covariates included age, age 
squared, and gender. Ancestry estimates were also included as covariates to further control 
for population stratification resulting from variants showing marked differences in allele 
frequencies across ancestral populations (Price et al., 2010). Ancestry covariates were 
calculated using the ancestry estimation ANC4 program (Libiger & Schork, 2012). ANC4 is 
a supervised clustering program that uses input from genotype data on 364,470 loci 
collected on reference individuals from global populations (European, African, Native 
American, and East Asian), included by permission from a recent Native American 
population history study (Reich et al., 2012). There were 697 individuals with sequence data 
suitable for ANC4 to calculate the percentage ancestry for each individual for these 4 
ancestral groups. Because the ancestries sum to 1 for each individual, only the first three 
were used as independent covariates.
 Permutation Generation and Empirical P-values
To determine empirical p-values for association results, while accounting for pedigree 
structure, we employed a permutation scheme inspired by gene-dropping. Briefly, to 
generate a single permutation, an initial allele frequency was chosen, and for each founder in 
the pedigree, genotypes were assigned based on this frequency. Subsequent generations were 
then assigned genotypes by randomly assigning one allele from each parent. Once genotypes 
were assigned for all successive generations, the number of minor alleles (MAC) assigned to 
samples with available phenotype and sequence data was determined. For a given measured 
variant, those permutations resulting in the same MAC were stored in a VCF file and test 
statistics were calculated for each simulated genotype using the described EPACTS pipeline. 
The permutations were performed in an iterative manner such that if the initial set of 
simulations yielded 3 or fewer values more extreme than the observed variant, additional 
simulations were performed. Because of computational costs, the number of permutations 
was limited to 109. The resulting test statistics thus provided a null distribution that was used 
to calculate an empirical p-value taking into account the pedigree structure of the data.
 Results
Six hundred and fifty eight participants, which originated from 150 families, had both 
impulsivity phenotype data and genetic sequence data for the analyses. The demographic 
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information on the sample is provided in table 1. A description of the sample has been 
reported previously (Ehlers et al., 2004a,b; Peng et al., 2014).
An examination of the empirical p-values generated from the gene-dropping simulations 
revealed some asymmetry in the distribution of the test statistic. To account for this 
asymmetry, the associated (i.e., alternate) alleles of all variants were modeled under two 
directional tests, the first modeling the associated allele as having a protective effect and the 
second modeling the associated allele as having a risk effect. When combined, the results of 
the two models allowed for more precise estimates of significance of the observed data at 
each end of the distribution of the test statistic. The associated lambda values calculated to 
estimate deviations of the observed p-values from the expected uniform distribution were 
1.01 and 0.99 suggesting that the empirical p-values follow closely the expected distribution. 
To further ensure that the top association signals were not artifacts resulting from low-
quality variant calls, Mendelian error rates were calculated for the 20 most highly associated 
variants. Across these variants, only a single error was observed, suggesting that the calls for 
the variants described below were of high quality.
After these corrections, the described single variant association tests for the impulsivity 
phenotype revealed two genome-wide significant findings. A Manhattan plot for the two 
tailed tests is shown in Figure 1, and the top 20 results are displayed in Table 2. The most 
significant result emerged for a variant on chromosome 2 (rs879022, bp 79364463, p = 
4.72e-09) located in a cluster of genes that encode for a family of proteins primarily excreted 
by the pancreas that are associated with islet regeneration (REG proteins encoded by 
REG1A, REG1B, REG3A, REG3G), but are also expressed in the CNS and related to 
neurodevelopment in the fetal brain (de la Monte et al., 1990) and neuronal sprouting and 
synaptogenesis in the adult brain (Acquatella-Tran Van Ba et al., 2012). The associated 
variant was located in the pseudogene, REG1P, that was likely produced by a duplication 
event related to one of the primary genes in the cluster (Figure 2). Of note, this gene cluster 
is located approximately 400 kb upstream of the CTNNA2 gene, a cell adhesion gene 
involved in cell differentiation in the nervous system and synaptic plasticity. Variants located 
in theREG gene cluster and CTNNA2 as well as the intergenic region between them have 
been associated with numerous psychiatric phenotypes characterized by impulsivity as 
described below. A second genome-wide significant locus was observed on chromosome 4 
(rs1588052, bp 178204580, p = 6.62e-08) approximately 25 kb upstream of the nei 
endonuclease VIII-like 3 (E. coli), NEIL3, gene (Figure 3). It is located within a 
transcription factor binding site, and thus may be involved in NEIL3 expression.
To examine the relation of rs879022 to other GWAS signals reported in this REG-CTNNA2 
region, data from the 1000 Genomes project were accessed to evaluate linkage 
disequilibrium across this region. Given that the previous GWAS studies were conducted in 
predominantly European ancestry samples, data from the 174 individuals of European 
ancestry contained in the 1000 Genomes dataset were used to calculate d′ values for variant 
pairs with a MAF > 0.05 in the sub region from 79350kb to 79750kb. The d′ values are 
displayed in the inlaid heatmap at the top of Figure 2 with blue to red coloring indicating 
increasing LD values. The figure demonstrates that substantial LD is observed across broad 
areas of the region. LD as measured by R2 between rs879022 and the nine variants in the 
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region that are included in the GWAS catalog are relatively low, though d′ values are higher 
for some of these variants, indicating that the minor allele occurs primarily on a single 
haplotype with these variants (Table 3). Finally, the National Center for Biotechnology 
Information (NCBI) eQTL browser was queried to determine whether any variants in the 
region represent an eQTL for CTNNA2 or any of the REG protein genes. A single variant in 
CTNNA2 (rs7597912) was reported to be correlated with CTNNA2 expression in liver tissue 
(Schadt et al., 2008). Similar to those variants identified in the GWAS catalog, rs879022 
showed little evidence of LD with this variant as measured by R2, but did show a modest d′ 
value (Table 3).
 Discussion
Significant evidence suggesting a heritable component underlying aspects of impulsivity and 
other substance dependence related traits has been previously reported in this American 
Indian population (Ehlers & Gizer, 2013; Ehlers et al., 2007). As described, the phenotype 
explored in the present population includes aspects of impulsivity that are related to both a 
preference for novelty and thrill seeking as well as the tendency to act on short-term desires 
without considering potential long-term consequences resulting from such behavior. Thus, in 
relation to the Five Factor Model (FFM) of personality (Costa & McCrae, 1985), it includes 
aspects of extraversion as well as conscientiousness (Sharma et al., 2014). Although the 
heritability estimate for the impulsivity phenotype derived from the Maudsley personality 
inventory, estimated in the present study population in a previous study as the variance 
explained by degree of familial relatedness, was found to be modest (h2 = 0.20) (Ehlers et 
al., 2007), this estimate is similar in magnitude to a previous report estimating the 
heritability (h2=0.36) of a similarly derived scale in a primarily European ancestry twin 
sample (Eaves & Eysenck, 1975). To investigate the genetic contributions to this phenotype, 
the aim of the present study was to conduct the first GWAS of this impulsivity phenotype, 
derived from the Maudsley Personality inventory, using whole genome sequence data in a 
Native American Indian community sample.
The present study identified a variant on chromosome 2 in the REG1P pseudogene that is 
contained within a cluster of 4 regenerating family protein (REG) genes. The associated 
variant has been previously reported to alter the structure of a NAGNAG motif (El Sharawy 
et al., 2009), and thus could be involved in alternative splicing, though given that it lies in a 
pseudogene, the relevance of this is unclear. REG proteins, also referred to as lithostathines, 
were first identified in studies isolating the protein family as playing a central role in 
pancreatic β-cell regeneration (Terazono et al., 1988). More recent studies have 
demonstrated that REG proteins are also expressed in the central nervous system where they 
are involved in inflammatory responses (Duplan et al., 2001). Further, the REG-1α protein, 
encoded by REG1A, has been shown to be elevated in the cerebrospinal fluid (CSF) of 
Alzheimer’s patients and present in the senile plaques and neurofibrillary tangles of post-
mortem brain tissue of Alzheimer’s patients (de la Monte et al., 1990). Finally, studies of a 
primate model of Alzheimer’s disease have also observed increased expression of REG1P 
(Marchal et al., 2012). This gene family has not, however, been implicated in other 
psychiatric disorders.
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An alternative possibility is that the associated variant plays a regulatory role in the 
expression of a nearby gene. Notably, the REG gene cluster and the associated variant 
implicated in the present report are located 400 kb from the catenin, cadherin-associated 
protein, alpha 2 gene (CTNNA2) gene on chromosome 2 gene. CTNNA2 is a large gene that 
is conserved across species, and microarray expression data indicate that it is expressed 
primarily in central nervous system and also in the testis. CTNNA2 encodes for a cell-
adhesion protein (alpha N-catenin) which has been shown to regulate synaptic plasticity, and 
is involved in the binding of cadherins and the actin cytoskeleton and as such is important 
for maintaining the stability of dendritic spines (Abe et al., 2004). There is a homologue 
gene in mice (Catna2) that when deleted causes hippocampal and cerebellar lamination 
defects, axon migration deficits, and other changes in brain morphogenesis (Park et al., 
2002; Uemura & Takeichi, 2006). Mice with this deletion also show impaired responding in 
fear conditioning, enhanced acoustic startle responses, and cerebellar ataxias, a phenotype 
that was shown to be rescued through expression of Catna2 transgene (Park et al., 2002). 
These studies suggest a plausible role for CTNNA2 in the regulation of personality features.
This is notable given that a previously published meta-analysis of the excitement-seeking 
scale derived from the NEO, reported a genome-wide significant result for a variant in 
CTNNA2 (Terracciano et al., 2011). Combining data in a meta-analysis of six European 
ancestry samples (n=7860), the authors found a genome-wide significant association with an 
intronic SNP of CTNNA2 (rs7600563; P=2X10−8). Excitement seeking, which is related to 
the preference for novelty and thrill seeking and is a primary component of the multifaceted 
impulsivity construct, is assessed, in part, by the Maudsley impulsivity scale (see Eysenck & 
Eysenck, 1967; Whiteside & Lynam, 2001). Thus, the present report provides further 
evidence suggesting that variants in this region may contribute to the development of 
impulsivity-related traits.
As described earlier, however, it is important to note that the Maudsley impulsivity scale 
differs from pure excitement-seeking scales. The former includes facets of both extraversion 
and disinhibition or a lack of conscientiousness, whereas the latter focuses solely on facets 
of extraversion. This is notable for two reasons. First, the differences in how impulsivity was 
operationalized across the present study and that of Terracciano et al. (2011) could account 
for the differences in associated variants across studies. Second, it could also explain why 
results from the present study did not overlap with previous large-scale meta-analyses of 
personality traits derived from the Five Factor Model (de Moor et al., 2012). Despite these 
differences, the use of the Maudsley impulsivity scale to examine genetic influences on 
externalizing psychopathology is warranted. For example, an early study examining the 
relation of the FFM personality traits to psychopathology noted that a profile characterized 
by high extraversion and low conscientiousness identified a non-depressed substance abuse 
dimension (Trull & Sher, 1994), a pattern that has been generalized to externalizing 
psychopathology more broadly defined (DeYoung et al., 2008).
This is of direct relevance to the present study in that several previous GWA studies of 
externalizing disorders have reported suggestive associations with variants within CTNNA2 
as well as in the upstream region near the REG gene cluster and the associated variant 
identified in the present report. For example, an intronic variant, rs13395022, in CTNNA2 
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was reported among the top hits in a GWAS of ADHD (Lesch et al., 2008), and an upstream 
variant, rs2100290, located 40 kb from the associated variant reported in this study was 
among the top hits in a GWAS of an alcohol consumption phenotype (McGue et al., 2013). 
Further, a genome-wide linkage analysis and an independent GWAS reported evidence 
suggesting a relation between genetic variants in this region and conduct disorder (Dick et 
al., 2011; Kendler et al., 2006). Finally, several studies have also reported associations 
between variants in this region and other psychiatric phenotypes. For example, significant 
associations have been reported between variants in the region and bipolar disorder (Scott et 
al., 2009), contrast sensitivity, which has been suggested as a putative endophenotype for 
autism and schizophrenia (Goodbourn et al., 2014), Alzheimer’s disease (Sherva et al., 
2014), and response to antipsychotic medication (Adkins et al., 2011). Thus, the association 
between rs879022 and the impulsivity phenotype used in the present report is supported by 
the previous literature, an important consideration given the relatively small sample size of 
the current study.
Notably, the associated variants, with the exception of the variant associated with 
Alzheimer’s Disease, have all been observed upstream of CTNNA2, suggesting the 
associations may reflect relations with variants influencing the REG protein family genes or 
regulatory regions of CTNNA2. Nonetheless, an examination of the annotation data 
regarding the variants near CTNNA2 associated with the Maudsley impulsivity phenotype in 
the present report were not located in known regulatory elements or ncRNA coding regions, 
and were not in regions displaying epigenetic marks making it difficult to draw specific 
conclusions of how the associated variants might be related to CTNNA2 expression. Further, 
the variants that achieved genome-wide significance in previous studies show little evidence 
of LD with the variant associated with the Maudsley impulsivity phenotype in the present 
report, in either European reference populations or in the present study population. Thus, it 
may be that multiple variants in the region influencing either the REG genes or CTNNA2 
are relevant to psychiatric phenotypes. As a result, it seems likely the observed association 
between rs879022 and the Maudsley impulsivity phenotype is independent of previous 
associations reported in this region.
There are several reasons why this might be. First, if either of these genes are relevant to 
externalizing psychopathology, then multiple variants within the gene and surrounding 
regulatory elements could be relevant with nuances in each dataset (e.g., ancestry 
differences) contributing to which variants exhibit evidence of association. Second, 
differences in LD patterns in the region across studies, which are likely given the present 
study was conducted in a highly admixed population of Native American and European 
ancestry individuals, could account for differences in the associated variants if the associated 
variants are not causal but rather represent tag SNPs in LD with the causal variant. Third, on 
a related note, the present study used next-generation sequencing technologies to derive 
genotypes rather than tagging variants on a microarray, and thus, this more exhaustive 
interrogation of the region could have identified a functional variant that was not well tagged 
by previous studies.
It is important to note, however, that while each of these explanations are plausible, the lack 
of replication to a single variant across the cited studies highlights the need for further 
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exploration of the region using standardized, transdiagnostic phenotypes to elucidate which, 
if any, specific facet of impulsivity or a related construct is influenced by variants in this 
region. At present, the use of different psychiatric and personality-related phenotypes, 
including that used in the present study, makes it difficult to draw strong conclusions 
regarding the relevance of genetic variation in this region to the etiology of impulsivity-
related phenotypes and also makes it difficult to draw strong conclusions regarding which 
genes may be involved in the etiology of these traits. Thus, future studies using a set of 
standardized, transdiagnostic phenotypes are sorely needed to clarify which genes are 
relevant to the etiology of impulsivity-related psychiatric disorders and the multi-faceted 
constructs that undergird them.
In addition to the chromosome 2 result, a second locus upstream of NEIL3 may also have 
relevance to impulsivity and substance use phenotypes. The protein encoded by NEIL3 
belongs to a class of glycosylases that initiate DNA base excision repair resulting from 
reactive oxygen species by creating a DNA strand break via a lyase reaction (Liu et al., 
2010). Notably, neurodevelopment studies have shown NEIL3 to play an important role in 
neurogenesis in the fetal brain (Hilderstrand et al., 2009), as well as a continued role in 
neurogenesis in the hippocampus of the adult brain (Regnell et al., 2012). Previous studies 
have reported significant genome-wide associations with both indices of body fat and heart 
rate variability in the Framingham Heart Study (Newton-Cheh et al., 2007). Additionally, a 
recent study conducted in the COGA sample reported suggestive associations between a 
SNP located in this region to a composite substance dependence phenotype (alcohol, 
cannabis, cocaine and opioid/heroin) as well as a continuous measure of substance 
dependence derived from a factor analysis of symptom level dependence data related to the 
same 4 substances (Wetherill et al., 2014).
In conclusion, these data represent the first whole genome sequence analysis of an impulsive 
behavior phenotype to report an association with a variant upstream from CTNNA2 near the 
REG gene cluster. The results of this study should, however, be interpreted in the context of 
several limitations. First, the findings may not generalize to other Native American 
communities or represent all Native Americans within this population. Second, comparisons 
of association findings to non-Indian populations may be limited by differences in a host of 
potential genetic and environmental variables. Third, because this population has significant 
admixture, estimates of allele frequencies may produce biased results although this was 
accounted for in the analyses. Finally, given the small sample size, the reported findings 
require replication. A power analysis suggested that the present study was sufficiently 
powered (i.e., 0.80) to detect variants that could explain ~5% of the variation in a studied 
trait (Feng et al., 2011). GWAS of psychiatric traits suggest that variants of such large effect 
are unlikely to be found, and thus, the reported results likely reflect an overestimate of the 
true magnitudes of the reported associations. Despite these limitations, this report represents 
an important step in an ongoing investigation to understand the genetic determinants 
associated with the development of substance use disorders in this high risk and 
understudied ethnic group.
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Figure 1. GWAS of impulsivity results
Manhatten plot of the -log10 p-values for the tests of association between single variants and 
the Maudsley Impulsivity Scale. Variants are ordered according to chromosomal position, 
and the p-values are alternately shaded light and dark gray to differentiate between variants 
on adjacent chromosomes.
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Figure 2. Evidence for association between variants in the CTNNA2 region and impulsivity
Regional plot surrounding the CTNNA2 gene of the -log10 p-values for the tests of 
association between single variants and the Maudsley Impulsivity Scale. The -log10 p-values 
of the single variant analysis are plotted according to the physical location in base pairs on 
chromosome 2. Coloring of the data points from blue to red indicate increasing linkage 
disequilibrium (R2) with the top result in the region (at base pair 79364463). The inlaid 
linkage disequilibrium plot shows the pairwise d′ values between variants in the region with 
coloring from blue to red indicating increasing d′ values. The blue line indicates amount of 
recombination in the region expressed as the ratio of centiMorgans to megabases as assessed 
in the Ceph samples of the HapMap dataset. The panels below depict results from other 
genomewide association studies, and the position and structure (exons/introns) of genomic 
elements in the region mapped according to their physical location.
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Figure 3. Evidence for association between variants in the NEIL3 region and impulsivity
Regional plot surrounding the NEIL3 gene of the -log10 p-values for the tests of association 
between single variants and the Maudsley Impulsivity Scale. The -log10 p-values of the 
single variant analysis are plotted according to the physical location in base pairs on 
chromosome 4. Coloring of the data points from black to light gray indicate increasing 
linkage disequilibrium (R2) with the top result in the region (at base pair 178204580). The 
black line indicates amount of recombination in the region expressed as the ratio of 
centiMorgans to megabases as assessed in the Ceph samples of the HapMap dataset. The 
panel below depicts the position and structure (exons/introns) of genomic elements in the 
region mapped according to their physical location.
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Gender Male: 284, Female: 374
NA heritage (self-report) 273 ≥ 50%, 385 < 50%
Age (mean±s.d.[min-max]) 31.2±13.2 [18–82]
Income 284 < $20k/yr, 321 ≥ $20k/yr
Education (mean±s.d. [min-max]) 11.6±1.5 [3–17] yrs
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